Calexcitin/cp20 is a low molecular weight GTP-and Ca
Pavlovian conditioning in animal models has been used to study associative learning and memory on a cellular and molecular basis. Following this strategy, a 22-kDa, low abundance G protein, designated calexcitin (CE) 1 or cp20, was identified in the past 15 years as an extremely promising substrate for associative conditioning (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . CE is a protein kinase C substrate whose phosphorylation state increases 2-3-fold in the eye of the marine snail Hermissenda crassicornis after Pavlovian conditioning produced by the association of visual and vestibular stimuli.
CE, as determined by immunoreactivity, has also been found in the central nervous systems of squid (5), rabbit and rat (4) , and in human fibroblasts (6) . The phosphorylation state of CE is also increased in rabbit CA1 hippocampus after associative conditioning (8) . Upon phosphorylation by protein kinase C (which is also inhibited in vitro by CE's binding of GTP), calexcitin translocates from the cytosol to the membrane. Microinjection of purified Hermissenda or squid CE into Hermissenda or rabbit neurons causes the same increase in membrane excitability previously related to memory formation and retention (2, 3, 7) . CE injection also causes other cellular effects of conditioning, such a modified dendritic arborization (9) and an altered retrograde axonal transport of vesicles (10) .
Although different proteins, such as cAMP-dependent protein kinase, protein kinase C, calmodulin, and others, have been implicated in learning-related phenomena (13) (14) (15) (16) (17) , calexcitin is thus far the only protein capable of reproducing the electrophysiological and cytomorphological effects of learning when injected in the same neurons of the species from which it was extracted.
Calexcitin presents the interesting property of binding both Ca 2ϩ and GTP, whose signaling pathways are known to interact (18 -20) . Several other post-translational modification consensus domains are also present on the amino acid sequence of CE, such as myristoylation, isoprenylation, and glycosylation (3) . It is therefore tempting to propose that CE may be implicated in the molecular mechanisms of associative memory acquisition (in response to the temporal association of two or more sensory inputs) by providing a convergence between different cell signaling pathways (21) (22) (23) .
The molecular study of calexcitin has always been difficult because of the scarcity of the protein in neural tissues. After CE was recently cloned (3), larger amounts could be expressed in Escherichia coli, allowing a spectroscopic analysis of the protein. To characterize the structure-activity relationship for CE, we studied its secondary structure by CD, FT-IR, intrinsic fluorescence, hydrophobic chromatography, and nondenaturing gel electrophoresis. We report here that calcium binding causes a conformational switch for calexcitin and suggest that such a structural transition may be relevant for the biochemical mechanisms underlying the cellular pathways of memory acquisition.
MATERIALS AND METHODS
Purification of Cloned Calexcitin-Twenty liters of Luria-Bertani broth containing ampicillin (100 mg/liter) were incubated with E. coli BL21(DE3) cells which had been transformed with a pET-16b expression vector (Novagen, Inc., New York, NY) containing the sequence for the CE protein, a factor X proteolytic site and an oligohistidine tail (3) . Cells were grown at 37°C to mid-log phase, and CE expression was induced by adding the activator isopropyl-␤-D-thiogalactopyranoside (1 mM final). After 3 h, bacteria were collected by gentle centrifugation (3000 ϫ g, Sorvall), suspended in 100 ml of loading buffer (0.5 M NaCl, 20 mM Tris/HCl, pH 7.9, 0.5 mM Iz, 20 mg/liter pepstatin, 20 mg/liter leupeptin, 10 mg/liter aprotinin A, 0.5 mM PMSF), and stored at Ϫ80°C.
Upon partial thawing, the cells were homogenized at 0°C by sonication and centrifuged (100,000 ϫ g, Beckman) at 4°C. Pellets were resuspended in 100 ml of loading buffer and recentrifuged. Pooled supernatants were divided into three batches and loaded onto a His-Tag column (15 ml, Novagen Inc., water-jacketed at 8°C, flow rate 2.5 ml/min), previously charged with an excess of NiCl 2 . The column was washed with 150 ml of loading buffer followed by 150 ml of the same buffer with 25 mM Iz. The column was developed with eluting buffer (same as above with 0.5 M Iz) and stripped with 0.1 M EDTA.
Fractions were subjected to gel electrophoresis and Western blot analysis with standard procedures (6, 24) , using a polyclonal antibody raised against a 26-amino acid (see Fig. 2 ) synthetic peptide (3). The antibody, recognizing natural squid and cloned E. coli CE, was tested by antigen preabsorption and prebleed antiserum controls (24) . Fractions containing CE were pooled together, desalted at 8°C by ultrafiltration and concentrated down to 10 ml. For all the ultrafiltration and desalting steps described in this report, the filtration membrane (Centriprep/ Centricon, Amicon, Beverly, MA) was preincubated with bovine serum albumin and extensively washed with water prior to usage. Upon concentration, some precipitation occurred, and the sample was centrifuged and filtered before the next chromatographic step.
IMAC-HPLC was performed with a MC-Poros system (PerSeptive Biosystems, Cambridge, MA) at room temperature with a flow rate of 5 ml/min. The perfusion column (100 ϫ 4.6 mm, 20-mm particle diameter) was charged with 25 column volumes of 0.2 M NiSO 4 or NiCl 2 , and equilibrated in loading buffer (until the base line was stable) according to the manufacturer's recommendations. The column was tested before each preparation by injecting two solutions containing, respectively, 20 and 100 g of commercial horse heart myoglobin, and washing the column with 10 column volumes of 0.5 mM Iz followed by 5 column volumes of eluting buffer (50 mM Iz). The calexcitin-containing samples from the previous step were injected onto the column in loop (2 ml), and loading buffer was passed through until the base line stabilized. The column was developed with a linear gradient from loading to eluting buffer in 15 min, using optically pure Iz (Sigma) to avoid interference with the following spectroscopic analyses. Fractions containing CE were pooled together, concentrated to 0.5 mg/ml, and aliquoted (50 l) for prolonged storage at Ϫ80°C.
For several experiments, calexcitin was proteolyzed to remove the oligohistidine chain from the protein N terminus. Fifty micrograms of purified CE in 180 l of water were mixed with 5 g of activated factor X (bovine ImmunoPure grade, Pierce) in 3 l of buffer (5 mM Tris/HCl, pH 6.0, 0.5 M NaCl, 1 mM benzamidine hydrochloride). The solution was incubated at room temperature for 2 h, and the reaction was stopped by dilution with protease inhibitor mixture (20 mg/liter leupeptin, 10 mg/ liter aprotinin A, 0.5 mM PMSF) and two passages through a 50-kDa cutoff ultrafiltration membrane to eliminate factor Xa (25, 26) . The resulting mixture was repurified by IMAC-HPLC. Reacted CE (without the oligohistidine tail) was recovered in the void volume, while unreacted CE eluted on the Iz gradient. Samples of CE were collected, desalted, concentrated, and stored at Ϫ80°C.
Purification of Natural Calexcitin-Optic lobes from fresh squid (Loligo pealei, Calamari Inc., Woods Hole, MA) were dissected, frozen in liquid nitrogen, and stored at Ϫ80°C. Two batches of 400 squid optic lobes (approximately 120 g) were high speed homogenized (Polytron, Switzerland, setting 5) at 4°C in 150 ml of Hermissenda buffer (50 mM Tris/HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 20 mg/liter leupeptin, 10 mg/liter aprotinin A, 0.5 mM PMSF, 0.2 M dithiothreitol), followed by sonication. The suspension was centrifuged for 2 h at 4°C (150,000 ϫ g, Beckman), and the pellets were resuspended in 150 ml of Hermissenda buffer and centrifuged. Combined supernatants were passed through a 50-kDa cutoff ultrafiltration membrane and applied onto a medium pressure, preparative weak anion-exchange column (Pharmacia, Uppsala, Sweden, 50 ϫ 3 cm, fast-flow DEAE-Sepharose, Sigma), waterjacketed at 8°C. The flow rate was maintained at 1.5 ml/min during the loading and the washing (water, 12 h). The retained fraction was eluted isocratically at 6 ml/min with 1 M potassium acetate buffer (pH 7.4), extensively desalted (final ionic strength Ͻ30 mM), and loaded onto a Cibacron blue-agarose column (25 ϫ 2 cm, constant flow rate of 2.5 ml/min, Sigma), water-jacketed at 8°C. After 7 h of washing, the column was developed with 1 M potassium acetate buffer (pH 7.4), and the retained fraction was desalted and concentrated down to 10 ml.
This sample was divided in two aliquots and injected in loop (5 ml) on a semipreparative AX-300 HPLC (1 ϫ 25 cm, 30-mm gel particle diameter, Thomson, Springfield, VA), equipped with an AX-300 Guardagel precolumn (Thomson, 2.5 ϫ 1 cm). The column was eluted at 2 ml/min and 8°C with a linear gradient of 0 -0.6 M potassium acetate buffer (pH 7.4) for 20 min followed by 0.6 M buffer for 30 min and 1 M buffer for 10 min. The chromatograms were analyzed by Western blot of 1-ml fractions. CE-containing fractions were pooled, desalted, concentrated, and aliquoted at Ϫ80°C.
Ion-spray Mass Spectrometry-Spectra were acquired with the ionspray ionization technique on a Perkin-Elmer API III Plus mass spectrometer (Sciex Co., Thornill, ONT, Canada). The experimental parameters for cation mode were: ion-spray voltage, 5.5 kV; orifice voltage, 90 V; scan range (m/z), 500 -2000; scan rate, 10.5 ms/atomic mass unit; no interscan delay; resolution, Ͼ1 atomic mass unit. The stock solution of purified cloned CE was diluted 1:1 with acetonitrile containing 0.1% formic acid and 1% HCl, and delivered to the ion-spray source by infusion using a syringe pump (model 22, Harvard Apparatus, Inc., South Natick, MA).
Secondary Structure Prediction (Sopma)-Computation for secondary structure prediction was performed remotely using a multiple sequence alignment algorithm (Sopma) available on the internet (e.g. http://dot.imgen.bcm.tmc; deleage@ibcp.fr). Default parameters were selected, and a simple query of percentage of ␣, ␤, and other structures was submitted to maximize reliability and accuracy (evaluated as 81% for each component) (27, 28) .
Fourier Transform Infrared Spectroscopy-Infrared spectra were recorded by using a Perkin-Elmer 1760 FT-IR spectrophotometer, equipped with a TGS detector and a Perkin-Elmer model 7300 computer. The instrument was continuously purged with dry air for 15 min before data collection and during measurements to eliminate water vapor absorption. For each sample, 128 interferograms were recorded, averaged, and Fourier transformed to produce a spectrum with a nominal resolution of 4 cm Ϫ1 . Dried films were prepared by spreading 10 l of the protein solutions (1.7, 0.85, 0.43, and 0.21 mg/ml) on BaF 2 supports and slowly evaporating the water in a dry chamber at 25°C for 3 h.
The analysis of the protein aqueous solution (5% w/w) was performed by placing 4 l between two discs of BaF 2 using a Teflon spacer 9.3 mm thick. Spectra of the buffer were recorded in the same cell under the same instrumental conditions as the sample spectra. Difference spectra were generated by an interactive difference routine to subtract the appropriate solvent spectrum from the spectrum of each protein solution. Subtraction of water was considered appropriate when it yielded a flat baseline from 1900 to 1720 cm Ϫ1 , avoiding negative side lobes, and when it removed the water band near 2130 cm Ϫ1 . The procedure of spectra processing for quantitative analysis by the deconvolution method has been described previously (29 -31) ; the fit standard errors estimated between x-ray and infrared secondary structure values are 2.5% for ␣-helix, 7.16% for ␤ structures, and 5.1% for other components (turns and coils).
Circular Dichroism-Vacuum UV-CD spectra were recorded over the range of 178 to 260 nm using either Jasco J720, Jasco J700, or Jasco J600 spectropolarimeter (Jasco Instruments, Tokyo, Japan). Measurements were made in triplicate using a 0.01-cm quartz disassemblable cell (V ϭ 20 l), or a 0.02 cm quartz water-jacketed cell (V ϭ 15 l) at 15°C. Cells were rinsed with water extensively before each measurement, and the chamber was equilibrated with dry N 2 (15 liters/min). The instrumental parameters were: scan rate, 10 nm/min; time constant (J600 only), 3 s; spectral slit width, 1 nm. All blanks were recorded in the same conditions and subtracted from the sample spectra.
Solutions were prepared at 0°C by diluting 5 l of a freshly thawed purified CE aliquot with 5 l of protease inhibitor mixture and 5 l of water or calcium buffer (final protein concentration around 0.15 mg/ ml). The pH was checked after every addition of the calcium buffer, and adjusted to pH 7.5 (Tris/HCl) in the few instances when this was necessary. Calcium buffer concentrations were calculated (taking into account all the interactions between Ca 2ϩ , Mg 2ϩ , H ϩ , and EGTA) (32) using the EGTA software written by T. J. N. and available by anonymous FTP in binary mode at las1.ninds.nih.gov in the pub/dos directory.
The exact protein concentration of the solutions (necessary to obtain secondary structures from CD spectra) was determined both spectrophotometrically (A 279 measured on a Varian Cary 4E double-ray spectrophotometer) and with the bicinchoninic acid assay (33) (Pierce) according to the manufacturer's specifications, using bovine serum albumin and horse heart myoglobin as standards.
Spectra were cut at 180 or 182 nm and analyzed by single-value decomposition with the Varsel software (34, 35) running on a Unix machine (SGI PI-4D20 with Irix 4.01). The complete basis of 33 proteins was used in 528 subgroups of 31 elements each, and the search was optimized to reduce fit standard errors using protein concentration as a variable parameter.
Fluorescence Spectroscopy-Intrinsic fluorescence measurements were obtained in triplicate at room temperature using a Spex Fluorolog-2 spectrofluorimeter with dm-3000 software (Spex Industries, Inc., Edison, NJ). The experimental parameters were excitation wavelength, 279 nm; scan range, 300 -400 nm; speed, 10 nm/min. The instrument was calibrated with 1 mM fluorescein, according to the manufacturer's protocol. Protein solutions were recovered from CD analysis, diluted with protease inhibitor mixture, and buffered with 1 mM calcium to 3 ml in a 1-cm quartz cell (final protein concentration, 0.03 mg/ml).
Hydrophobic Chromatography-Phenyl-Sepharose chromatography was performed at room temperature using 2 ml of CL4-B resin (Sigma) packed in a 5-ml polypropylene column (Pharmacia, Uppsala, Sweden). Purified CE (85 l, 112 ng) was loaded and eluted at a constant flow rate of 0.5 ml/min, collecting 1-ml fractions for dot-blot analysis. A pair of parallel elutions were run in triplicate, with Tris-buffered saline modified with 2 mM calcium and 2 mM EDTA, respectively. The column was washed with 20 ml of 6 M urea and equilibrated with native mobile phase.
Native Gel Electrophoresis-Nondenaturing polyacrylamide gel electrophoresis was performed using a precasted 4 -20% gradient gel (Novex, San Diego, CA), with SDS-and ␤-mercaptoethanol-free running and sample buffers. The gel was electroblotted onto an unmodified nitrocellulose membrane (Pierce) with a semidry apparatus (6) (BioRad). The membrane was incubated with a polyclonal primary antibody (3) and an alkaline phosphatase-conjugated secondary antibody before staining with the 5-Br-4-Cl-3-indoyl phosphate reaction (Pierce).
Electrophysiological Recording-Line 3652 of human skin fibroblasts from young control (Coriell Cell Repositories, Camden, NJ) was seeded (ϳ5 cells/mm 2 ) in 35-mm Nunc Petri dishes in Dulbecco's modified Eagle's medium (Life Technologies, Inc.), supplemented with 10% calf serum. The cells were used for patch-clamp experiments (at 21-23°C) 3-5 days after seeding (3, 12) . Bath solutions contained 150 mM NaCl, 5 mM KCl, 0 or 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES/NaOH, pH ϭ 7.4. Pipettes were made from Blue Tip capillary tubes (inside diameter, 1.1-1.2 mm) and filled with 140 mM KCl, 0.01 EGTA, 1 mM MgCl 2 , 10 mM HEPES/Na, pH ϭ 7.4. Pipette resistances were ϳ7 megohms. Records were obtained using an Axopatch-1D amplifier, stored on tape (Toshiba, PCM video recorder), and digitized at 2 kHz (interface Digidata 1200). Single-channel data acquisition and analysis were performed with pClamp 6. Amplifier, interface, and software were obtained from Axon Instruments (Foster City, CA).
RESULTS AND DISCUSSION
To study the secondary structure of a protein by spectroscopic methods such as CD, fluorescence or FT-IR, it is necessary to obtain an extremely pure sample to eliminate incorrect deconvolution of the experimental data due to impurities or optical interferences. The standard isolation procedure for cloned calexcitin (3) was therefore optimized by adding an extra IMAC-HPLC purification step. The overall protocol yielded an average of 0.5 mg of CE from 20 liters of medium. The protein was over 99% pure by densitometric analysis of silver stained gel electrophoresis (Fig. 1A) . When the sample was left for several hours at room temperature (in conditions similar to those used for spectroscopic analysis), a faint, new band (ϳ16 kDa) appeared on the gel below the CE band (ϳ25 kDa, in good agreement with the calculated value of 24.5 kDa for the cloned fused protein). This low molecular weight band, which accounted for less than 5% of the main CE band, possibly corresponded to a degradation product of CE, as suggested by the immunoreactivity on Western blot (Fig. 1B) .
The purification protocol for squid CE yielded only 1-10 g of protein per preparation, with a purity of ϳ60%. Therefore this sample could not be used for spectroscopic studies.
When the fused oligohistidine tail was enzymatically removed from cloned CE, the product had a molecular weight corresponding to the natural squid protein (Fig. 1, C and D) . The reaction was stopped after 2 h to avoid CE degradation, with 50% of the protein remaining unreacted. The homogeneous cloned protein without the fused tail was recovered by a further IMAC-HPLC passage (Fig. 1E) .
Mass spectral analysis was used to assess cloned CE purity and homogeneity in the 25-kDa range. The distribution of mass/charge peaks was deconvolved into the mass domain, and only one major component at 25339 Da was delineated. Four consecutive charges (21) (22) (23) (24) converged to this value, with a standard deviation of 2.4 Da.
Secondary structure prediction based on multiple alignments of the amino acid sequence is reported in Fig. 2 . Thirtysix percent of the protein is in ␣-helix, 16% in ␤-sheet and 48% in other conformations (including "random" and "turn"). This result agreed with predictions obtained by different computational methods and software available on the internet (e.g. http://molbiol.soton.ac.uk, http://www.cmpharm.ucsf.edu, phd@ embl-heidelberg.de; data not shown).
The FT-IR analysis of CE solution required the use of the highest concentration of protein allowable by its solubility, because of the relatively low sensitivity of the technique. The amide group of proteins and polypeptides presents characteristic vibrational modes (amide modes) which are sensitive to the protein conformation. Amide I (1700 -1600 cm Ϫ1 regions and may make small contributions to the intensity of characteristic protein amide bands. Under our conditions, amide I band had a high, suitable signal-to-noise ratio and could be decomposed into its Gaussian components (Fig.  3A) . The assignment of the spectral Gaussian components to different secondary structures has been widely reported in literature (30, 36 -38) . The secondary structure of CE in solution evaluated with FT-IR (Table I) is 30% ␣-helix, 20% ␤-sheet, 23% turns, and 27% other structures, which agrees with the Sopma predictions.
When solid state samples were analyzed in dried films, the FT-IR spectrum depended upon the protein concentration of the solution before water evaporation (Fig. 3B) . This phenomenon is characteristic of aggregating proteins (36, 37) . The deconvolution into Gaussian components yielded reconstructed spectra indistinguishable from the original ones. The secondary structure of samples starting from more concentrated solutions was characterized by a higher percentage of ordered structures (␣ and ␤), suggesting that CE may change its con- FIG. 3 . A, FT-IR absorption spectrum of cloned CE solution (5% w/w). Inset, results of the deconvolution procedures applied to the amide I region. B, FT-IR spectra of dried films obtained by spreading CE solutions at different concentrations on BaF 2 windows and allowing them to evaporate. C, variation of the secondary structure components of CE in solid state depending on the protein concentration in the solution used for spreading; T, turns, R ϭ random structures).
formation when in contact with the water surface or the BaF 2 discs (Fig. 3C and Table I ). This behavior is in line with the absorptive property of CE when in contact with several materials, such as polypropylene and polycarbonate (3, 5, 11) . The dried film protein had a secondary structure close to that in solution when deposited from a concentration of 0.85 mg/ml (Fig. 3C) .
The CD spectrum of CE solution (Fig. 4) was decomposed into the five standard components of the secondary structure (34, 35) . CD appeared very useful to carry out the structure investigation on CE and showed a high realiability in the values of the ordered structure contents. The contents of ␣-helix, ␤-sheet and other structures obtained with different techniques are compared in Table II .
When the concentration of free calcium in solution is reduced by the addition of EGTA, the profile of CE's CD spectrum changes significantly (Fig. 4, dotted line) . In particular, a decrease of the positive band at 190 nm and a more marked difference in intensity between the negative bands at 208 and 222 nm indicate a possible reduction of the ␣-helical content upon Ca 2ϩ sequestration. A full titration of CE's secondary structure versus calcium concentration was then studied (Table III) . All spectra were recorded in the corresponding buffered [Ca 2ϩ ] conditions, and the secondary structures decomposed by means of the singlevalue decomposition algorithm.
The addition of calcium induces a significant increase of ␣-helix and a reduction of both parallel and antiparallel ␤-sheet, while turns and other structures remain unchanged. It must be emphasized that the correspondence between CD and protein secondary structure underlies several assumptions that cannot always be verified (39, 40) , thus a strictly quantitative conclusion on the effect of [Ca 2ϩ ] upon the secondary structure of calexcitin is not possible. For example, the apparent increase of the ␣-helix with respect to ␤-sheet could be due to tertiary structure rearrangements with similar spectral effects. Nonetheless, the ratio between the apparent ␣-helix and ␤-sheet structures as evaluated by CD is a precise spectral index of the protein's conformational transition upon calcium binding (41) . This index may therefore be used to follow exper- imentally the extent of the structural switch (Fig. 5A ).
The change of CE's CD can be fitted to a one-step equilibrium equation, with an apparent thermodynamic constant of approximately 10 Ϫ6 M. Although this result has to be verified by independent techniques, it is in the range of values obtained by CD for other EF-hand Ca 2ϩ -binding proteins (41, 42) . The range of Ca 2ϩ concentration at which the transition occurs is typical for neuronal EF-hand proteins (42, 43) , and this conformational equilibrium may thus be physiologically relevant.
Any attempt to interpolate the transition curve with a second-order equilibrium equation yielded a correlation factor lower than that obtained for Fig. 5 . Thus it is likely that the binding of calcium to one of calexcitin's two EF-hand domains induces a conformational transition of the protein, while calcium binding to the other site has a negligible effect on the secondary structure. Previous experiments had indicated that CE's two Ca 2ϩ binding sites have dissociation constants of 40 and 400 nM, respectively (3). EF-hand calcium binding sites are classically divided into buffering and regulatory (42, 44) , depending on their ability to induce a conformational transition of the protein upon interaction with Ca independent techniques CD ␤ structures are the sum of antiparallel and parallel ␤-sheets; "other" is the sum of turns and extended coils. FT-IR "other" includes random structures, turns, and extended ␣-helix. 5 . A, effect of Ca 2ϩ binding on the relative composition of ␣-helix and ␤-sheet (as a sum of parallel and antiparallel structures) of CE's secondary structure. The fitting to a first-order equilibrium (inset) had a square correlation factor of 99.1% ( 2 ϭ 0.039) and an estimated dissociation constant of 870 Ϯ 70 nM. Plateau values of ␣/␤ for low and high calcium conditions were 1.22 and 2.57, respectively. B, effect of different parameters on the calcium-induced conformational transition of CE. Basal refers to cloned CE data (panel A). ϪHis is repurified CE after the removal of the oligohistidine tail. When MgCl 2 was added, the final free Mg 2ϩ concentration was 0.5 mM. The pH was buffered by 15 mM Tris/HCl. The pCa was buffered with EGTA/Ca 2ϩ taking into account the effect of the pH on the affinity constants of the EGTA-Ca 2ϩ complexes. When NaCl was added, the total ionic strength was 150 mM. The x axis represents the antilogaritmic free calcium concentration, the y axis shows the analyzed parameter, and the z axis indicates ␣/␤. mation switch (regulatory function). Several EF-hand proteins have been recognized as having both buffering and regulatory functions at different sites (42) (43) (44) (45) .
To assess which parameters modulate the conformational equilibrium of CE, the CD spectrum was measured in three different Ca 2ϩ concentrations under various conditions (Fig.  5B ). While ionic strength had no influence on the calciuminduced secondary structure switch of CE (in contrast with calmodulin-like proteins) (41, 46) , Mg 2ϩ and H ϩ slightly inhibited the effect of Ca . Neither of these ions, however, had an effect on the secondary structure of the protein's calcium-bound or apo-form. The removal of the oligohistidine amino acid tail had no effect on the conformational properties of CE.
Intrinsic fluorescence spectroscopy was also used to test the effect of calcium on CE secondary conformation. The seven tryptophan residues in the amino acid sequence constitute a natural fluorescent probe, which can be excited selectively at the opportune wavelength (Fig. 6) .
The intensity of emitted light strongly increased upon removal of Ca 2ϩ . This effect was reversed by rebuffering the concentration of calcium in the solution. The fluorescence change is caused by different exposure of aromatic residues (and in particular tryptophan) in the Ca 2ϩ -bound and apo-form of CE; such a result may be rationalized by assuming a more compact shape for Ca 2ϩ -CE than for CE (42, 46) . In several instances a higher globular structure tends to reduce the lipophilicity of the EF-hand protein (42) . In the case of CE, it is important to test this hypothesis, since CE has the ability to aggregate as mentioned above. Furthermore, it is known that CE, a cytosolic protein, translocates to the cellular membrane under certain conditions in vitro (11) . It was considered important to investigate whether translocation could be mediated by a change of hydrophobicity, since the membrane is the site where CE can interact with calcium-dependent potassium channels to increase neuronal excitability.
A classical experiment that tests the effect of [Ca 2ϩ ] on EF-hand protein hydrophobicity involves phenyl-Sepharose liquid chromatography (42-44, 47, 48) . The retention of CE on phenyl-Sepharose was measured under standard conditions. The affinity of CE for the stationary phase was not influenced by the addition (or removal) of Ca 2ϩ to (from) the mobile phase (not shown). In both conditions, approximately 80% of the protein was eluted by 10 column volumes of mobile phase. The remaining 20% of CE was washed from the column by 6 column volumes of 6 M urea. The overall elution patterns of CE in the presence of Ca 2ϩ or EDTA were undistinguishable. This suggests that calcium binding has no effect on the ability of CE to interact by -interactions, and presumably on its lipophilicity.
During the purification procedures of both the natural and the cloned protein, as well as the reaction to remove the histidine tag from cloned CE, we observed that CE showed a slightly different apparent molecular weight on gel electrophoresis if the sample buffer was modified with Ca 2ϩ or EDTA. This is a typical behavior of regulatory EF-hand proteins, indicating a different globularity/elongation of the two forms (47) (48) (49) . To examine this effect, a nondenaturant gel electrophoresis experiment was carried out in the presence or absence of Ca . Patch potentials were Ϫ20 mV and 0 mV for the first two and the last two traces, respectively. Slope channel conductances were 69 pS and 60 pS, respectively. B, open channel probability (P o Ϯ S.E.) measured in the above experiments before (first and third bar) and after (second and fourth bar) CE addition. P o was determined for consecutive 10-s records by PStat from PClamp 6. Calexcitin reduces the event probability in the presence of calcium (p Ͻ 0.0001, extremely significant), but not in the absence of calcium (p ϭ 0.3847, non significant). C, inhibition of K ϩ channels by CE, defined as the ratio between P o 's before (P 1 ) and after (P 2 ) CE addition. S.E. for P 1 /P 2 is propagated from S.E.s of P 1 and P 2 (S 1 and S 2 , respectively): S.E. (P 1 /P 2 ) ϭ S 1 /P 2 ϩP 1 S 2 /(P 2 ) 2 . citin behaves similarly to the cloned protein (with or without histidine tail), as assessed by quantitative densitometry of the gels. This result confirms that the conformational effect of calcium binding is not an artifact of the bacterial expression. These electrophoretic data, suggesting a more elongated shape for the apo-CE, are in agreement with the results of the fluorescence experiments.
Previous experiments had shown that CE is a powerful inhibitor of Ca 2ϩ -dependent K ϩ channels (2, 4, 7). Microinjection of natural or cloned CE into neurons of several invertebrate and vertebrate species elicits increased cellular excitability due to a reduction of i A and i C currents. This effect has been proposed to be one of the molecular bases of associative conditioning (3, 14, (21) (22) (23) . Experiments are now in progress to test the effect of [Ca 2ϩ ] on the biological activity of CE. While the full report of these experiments will be presented elsewhere, preliminary data from patch-clamp recordings on human fibroblasts suggest that calcium is necessary for CE to enhance membrane excitability (Fig. 7) .
CE is active at a Ca 2ϩ concentration sufficient to trigger the secondary structure transition described in this paper, suggesting a possible mechanism of conformational regulation modulated by [Ca 2ϩ ].
CONCLUSIONS
This report describes the characterization of the secondary structure of calexcitin, a calcium-binding protein which is phosphorylated by protein kinase C and inhibits potassium channels. In the past few years, EF-hand calcium-binding proteins have been given great attention for their regulatory properties (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . Several cases have been recently described, in which calcium-binding is coupled with another form of cellular signaling, such as a covalent post-translational modification, which may modulate the compartmentalization of the protein (51, 52) , or its binding with other proteins (42, 53) . Since CE is the only EF-hand protein also reported to bind GTP, and its phosphorylation status has been related to associative learning, it is suggested that this protein may serve as one of the molecular convergence points underlying classical conditioning and memory (21) (22) (23) .
The effect of calcium on the conformation of CE has been studied by several techniques. On the basis of the resultant data, it is purported that the calcium-bound protein is more globular and has a higher content of ␣-helix than the apo-form. The conformational equilibrium is reversible and occurs within a range of calcium concentrations that is physiological in neurons. Furthermore, preliminary experiments suggest that CE can only interact with potassium channels in the calciumbound form.
While phosphorylation by protein kinase C may or may not affect CE's activity on calcium-dependent potassium currents in vitro, it induces the translocation of CE to the cellular membrane (11) . Unlike phosphorylation, calcium-binding is a non-covalent equilibrium reaction, that may modulate the activity of CE on a shorter time scale by means of a conformational switch. While Ca 2ϩ -binding and other post-translational modifications are molecularly coupled in several EF-hand proteins (42, 51, 52) , it is unknown whether CE's Ca 2ϩ -binding and phosphorylation by protein kinase C are interrelated. However, an indirect link between these two signaling cascades is evident since protein kinase C itself is activated by calcium.
A temporal scale of CE's activation may be schematized based on the findings in this report. At resting potential (low [Ca 2ϩ ]), CE would bind zero or one molecule of calcium ("apo"-form). At action potential threshold (high [Ca 2ϩ ]), CE would bind two molecules of Ca 2ϩ , assuming a more globular shape and acquiring the ability to inhibit potassium channels, directly or indirectly. If the concentration of Ca 2ϩ returns to basal levels, CE switches back to its apo-conformation. If the concentration of Ca 2ϩ increases further (or stays high while a second protein kinase C-activating cascade, such as phospholipase, occurs), CE is phosphorylated and translocates to the membrane, where it can reduce i A more efficiently. This effect, caused by a covalent modification, is nonreversible on a short time scale.
While these hypotheses need to be tested in vivo, it is clear that a complete characterization of the relationship between CE's structure and its biological activity should contribute to a better understanding of the molecular mechanisms of associative memory.
